As Neotropical forests are increasingly converted to agriculture (especially pastures), little is known about the impacts on microbial biodiversity. To assess such impacts, I compared spore abundance and diversity of arbuscular mycorrhizal fungi (AMF) in soils from lowland evergreen forests and pastures in Nicaragua and Costa Rica. Species composition, dominance-diversity curves, and Simpson's diversity indices were similar for both forest and pasture soils. Of 28 distinct fungus morphospecies, 11 produced more spores in pasture, while only 1 produced more spores in forest. According to species-accumulation curves, local AMF species richness did not significantly decline following conversion of forest to pasture. Because pastures contained a surprising abundance and diversity of AMF spores compared to native forest, a lack of mycorrhizal fungi is unlikely to limit plant succession, restoration, or reforestation in the pastures studied. At the regional scale, however, species-accumulation curves showed significantly greater gamma (G) diversity of spores in forest. In addition to these trends in diversity, species that sporulated more in pasture tended to have small spores, while the one species that sporulated more in forest had the largest spores. Similarly, only largespored fungi (Ͼ300 m) showed any seasonal variation in spore abundance, being more common in the wet season.
AS HUMANS INCREASINGLY MANIPULATE ECOSYSTEMS, what are the impacts on the biodiversity of different taxa and functional groups? This urgent question has received much attention in the tropics, where deforestation and modern agriculture most threaten biodiversity. While tropical studies have documented losses in the diversity of plants, vertebrates, and arthropods (e.g., Lavelle & Pashanasi 1989 , Wilson 1992 , Perfecto et al. 1997 , microorganisms have been relatively ignored (Lodge et al. 1996 al. , Giller et al. 1997 . To help understand the impacts of agricultural conversion on soil microbes, I compared diversity of arbuscular mycorrhizal fungi in both lowland evergreen forest and pasture.
Arbuscular mycorrhizae (AM) are mutualisms between plant roots and zygomycete fungi in the Glomales (Morton & Benny 1990) . The AM fungi (AMF) provide mineral nutrients to their plant hosts in exchange for carbohydrates. Although the fungi comprise only 150-170 asexual morphotypes, or species, this mutualism is found in the roots of 70 to 80 percent of terrestrial plant species (Trappe 1987) . In nutrient-poor soils of the humid tropics, many late-successional trees are obligately dependent on AMF and only grow beyond seed reserves if infected. Therefore, studying AM ecology would improve understanding of tropical forest functioning, especially of plant succession and reforestation in old pasture. If either abundance or diversity of AMF is reduced in old pastures, then succession, restoration, or reforestation could be inhibited. (Janos 1980 (Janos , 1988 Sieverding 1989; van der Heijden et al. 1998b) .
To determine the effects of tropical forest conversion on AMF, previous studies have compared spore counts in forests and disturbed habitats. In tropical forest, deforestation initially reduces the number of soil spores (Alexander et al. 1992 , Wilson et al. 1992 due to the susceptibility of mycorrhizae to disturbance (Janos 1996) . Because the old pastures in my study were severely disturbed by burning, grazing, and soil compaction, they were expected to have low spore counts. Spore counts, however, can recover rapidly after tropical deforestation if mycorrhizal host plants are present , Wilson et al. 1992 . Spores are equally or more abundant in pasture compared to dry forest (Jasper et al. 1991 , Johson & Wedin 1997 , Allen et al. 1998 or humid secondary forest (Fisher et al. 1994) . My study presents the first comparison of mycorrhizal spore counts in pasture and mature, lowland evergreen forest.
In addition to altering the abundance of spores, converting tropical forest to pasture could reduce the diversity of AMF. Because changes in the host plant community generally alter the AMF community (e.g., Sieverding 1989 , Bever et al. 1996 , and because host plant diversity is much lower in pasture than in native forest, AMF diversity may also decline. As shown in previous studies, pastures can become dominated by a few AMF species when compared to Mexican dry forest (Allen et al. 1998) or Australian jarrah forest (Jasper et al. 1991) . In Colombia, AMF species richness decreased in lowdiversity agroecosystems relative to natural systems. Johnson and Wedin (1997) , however, found similar species richness in Costa Rican dry forest and monodominant grassland. Likewise, African tree plantations were found to have more AMF species than native moist forest (Wilson et al. 1992) .
Unfortunately, none of these previous studies presented species-accumulation curves. Such curves are critical because comparing the average species richness between habitats can provide deceptive results if inadequate numbers of samples are collected (Stout & Vandermeer 1975) . A habitat with high beta (␤) diversity (turnover between samples) may have in reality the greatest total number of species, but species richness may appear low if few samples are examined. Indeed, Johnson and Wedin (1997) reported that AMF species richness was similar between forest and invasive grassland, but also that ␤ diversity was greater in forest. In that study, further sampling probably would have found higher species richness in forest, according to the theory behind species-sample curves (Stout & Vandermeer 1975) . My study presents the first use of speciesaccumulation curves to compare AMF diversity between tropical habitats.
MATERIALS AND METHODS
STUDY SITES.-This study was conducted in lowland evergreen forests and pastures at 10 to 30 m elevation in eastern Nicaragua and Costa Rica. Regional precipitation is 2600-3800 mm/yr, with a dry season from February to May. All soils used were highly weathered, acidic clay Ultisols; pH ranged from 3.9 to 4.7 in forest and 4.8 to 5.6 in pasture; available P ranged from 4 to 7 ppm; Fe levels reached 310 ppm in some sites; and organic matter (top 15 cm) varied from 5 to 10 percent (results from the National Agricultural University, Managua, Nicaragua, and CATIE, Turrialba, Costa Rica). Bulk density was 0.65 g/ml in forest and 0.80 g/ml in pasture (Picone, pers. obs.) . Common forest vegetation included: Pentaclethra macroloba, Carapa guianensis, Dipterix panamensis, Simarouba amara, Vochysia ferruginea, Dalbergia tucurensis, and several palms (Astrocaryum alatum, Bactris spp., Geonoma congesta, and Welfia georgii). All pastures were dominated by grasses (Poaceae), especially Ischaemum ciliare, as well as Hyparrhenia rufa and Paspalum spp. Less abundant plants in pasture included Mimosa pudica, Solanum sp., and members of the Cyperaceae, Lamiaceae, and Melastomataceae.
Soil was collected at seven locations: six near Bluefields, Nicaragua, and one near Guápiles, Costa Rica (Fig. 1) . Except for the primary forest at Kurinwás, all of the Nicaraguan forests were damaged by Hurricane Joan in 1988; however, all primary forest species had regenerated by the time of sampling (Vandermeer et al. 1995) . The forest at the Neguev settlement, Costa Rica, had been selectively logged for D. panamensis about ten years prior to sampling, but was otherwise mature. Pastures at Loma de Mico were particularly old (Ͼ40 yr) and large (20 km 2 ), while pastures at other sites were cleared 10-20 years prior to sampling and occupied at least ten hectares. The site Finca Meza was unique because it contained alluvial pastures that had been abandoned for more than five years. Sites sampled for AMF spores (open circles) and nearby cities (closed squares). All sites include pasture and forest, except Kurinwás, which only had forest. Composite samples from Kurinwás, Fonseca, Bodega, and Loma de Mico were analyzed together as one ''miscellaneous'' site because each had only one or two samples. 
Ͼ5000
Wet/Dry Wet/Dry Wet/Dry * Volume sieved was measured as water displaced (1 ml ϭ ca 1.6 g fresh wt. ϭ 1.0 g dry wt).
SOIL SAMPLING.-Because this study included samples collected from 1993 through 1996, soil was collected and processed differently among sites; however, within each site pasture and forest, sampling was consistent. As summarized in Table 1, I collected samples along transects and either analyzed each sample individually (''single samples''), or analyzed a mix of all subsamples from a transect (''composite samples''). Because spores can be heterogeneously distributed (St. John & Koske 1988 , Picone 1996 , soil composites provided more accurate surveys than single samples. The site Finca Meza was assessed with both single and composite sampling strategies. Only one or two composites were collected in each of four sites (Bodega, Fonseca, Loma de Mico, and Kurinwás), so I pooled their data and analyzed them together as one ''miscellaneous'' site. At all sites, the distance from pasture samples to nearest forest edge was at least 30 m and often reached several hundred meters. Distances between samples varied most at Loma de Mico, because those samples were part of a preliminary study on the spatial heterogeneity of soil spores (Picone 1996) . Because spore counts of some AMF can vary seasonally, I collected soil in both wet and dry seasons at some sites (Table 1 ). All samples from the wet season were gathered from July to August, and for the dry season, from March to April. Sample volume, number, and distances varied within sites at different seasons, so only spore abundance, not species diversity, were compared between seasons. SPORE ANALYSIS.-As with the design for collecting soil, methods of extracting AMF spores varied among sites but were consistent between pasture and forest samples within sites. Instead of using soil volume from cores, I measured soil volume as water displaced by each sample (Table 1; 1 ml soil ϭ ca 1.6 g fresh wt. ϭ 1.0 g dry wt.). Spores then were wet-sieved and decanted according to methods adapted from Janos (1984) . Each swirling soil suspension was poured through two mesh sieves, 700 and 45 m. Up to 40 percent of the spores can be left in the sediment from the first sieving (Picone, pers. obs.) , so the sediment was re-suspended in swirling water and re-sieved (this step was omitted for the single samples from Loma de Mico).
Soil caught on the small sieve then was centrifuged in a refrigerated 20/60 percent sucrose gradient (Daniels & Skipper 1982) . At the first two sites tested (Loma de Mico and Neguev), soil was centrifuged at 2000 to 3000 rpm for two minutes. All other samples were spun at 450 and 900 rpm for one minute at each speed. These lower speeds sufficiently separated spores from soil while losing few spores to the pellet. Samples were stored in 0.05 percent sodium azide if they were not examined immediately in 0.5-cm gridded petri dishes. Each entire sample first was examined thoroughly for distinct spore types that were large or rare. Then grid squares were subsampled randomly to estimate the quantity of small, numerous spores. For every sample, spore identification was verified at 100 to 1000ϫ. I classified spore types based on voucher specimens from the International Collection of Arbuscular and Vesicular-Arbuscular Mycorrhizal Fungi (University of West Virginia, Morgantown, West Virginia), as well as Schenck and Perez (1990) . For species generally found as sporocarps (Glomus rubiformis, G. clavisporum, and Sclerocystis coremioides), the sporocarps were counted instead of individual spores. STATISTICAL ANALYSES.-To determine whether the spores of each AMF species were more abundant in forest or pasture soil, I tested soil habitat (pasture vs. forest) as a grouping factor both within and across all sites. Within each of the five sites (Loma de Mico, Neguev, Finca Meza, La Union, and miscellaneous), I compared the number of spores per 100-ml soil from pasture and forest with a one-way Kruskal-Wallis test (Systat v. 5.2.1; Wilkinson et al. 1992) . To test each AMF species across all five sites, I transformed spore counts to ranks and tested them with a two-way, nonparametric bootstrap resampling test (available from the author). The resampling test functioned like a twoway ANOVA, because it accounted for variation due to one factor (site) while determining significance of another factor (soil habitat). This test first eliminated variability caused by site itself, or by the different methods used at each site, by generating an array of residuals. That is, each sample's rank was subtracted from the mean rank for the site. The mean of the residuals at all sites was therefore equal to zero. Using those residuals, the test calculated the difference in means from pasture and forest soil at each site, and then averaged those differences across the five sites. By randomly resampling the data within each site 10,000 times, a probability distribution was generated for the average difference between pasture and forest, which determined statistical significance of soil habitat. In addition, I evaluated the resampling test with a mixed-model ANOVA (site ϫ soil habitat), which generally corroborated the resampling test; however, even with rank transformed data, the assumptions for ANOVA were severely violated, so only results from the resampling test are presented.
Seasonality of spore counts was tested similarly for each fungus species. Within the three sites that had both wet and dry season data, I tested rank transformed spore counts with the two-way, nonparametric resampling test (soil habitat ϫ season). Then, the factor season was tested across all three sites by resampling the residuals in a three-way analysis (soil habitat ϫ site ϫ season). Again, resampling results were generally consistent with fixed-effects ANOVA (soil habitat ϫ season) and mixed-model ANOVA (soil habitat ϫ site ϫ season).
Seasonality of spore production determined which statistical test was appropriate for the comparisons of pasture and forest soil at each site. As noted above, I generally used Kruskal-Wallis tests to compare pasture and forest spore counts within each site; however, in three cases (Appendix 1), seasonality confounded the significance of soil habitat. In those cases, soil habitat was not a significant factor with the one-way Kruskal-Wallis test, but soil was significant with the two-way resampling test (season ϫ soil habitat), which removed variation due to seasonality. Therefore, significance values in those three cases are reported from the two-way test. In all other cases, results from both statistical tests were identical.
Diversity of AMF spores in pasture and forest were compared both within sites (locally) and among sites (regionally). First, within each site, alpha (␣) diversity was assessed as the average number of species encountered per soil sample. Beta diversity was compared in pasture and forest by using Sørenson's similarity indices (Magurran 1988) for paired comparisons between samples. To estimate species richness at each site, I used speciesaccumulation curves. These curves were generated with a bootstrap resampling program that calculated the average cumulative number of species found in one to N samples (where N ϭ total no. of samples; Stout & Vandermeer 1975) .
Second, pasture and forest diversity were compared regionally, across sites, by treating each site as an independent ''sample.'' The ''miscellaneous'' site was omitted from this analysis. Regional ␣ diversity was the average species richness per site, and regional ␤ diversity was the change in species composition between paired combinations of sites. To estimate total species richness, or gamma (G) diversity, I generated species-accumulation curves from the four study sites. Total regional species richness was calculated as the asymptote (G) from the species-accumulation equation: No. of species ϭ G*A/(␤ ϩ A), where G ϭ gamma diversity; A ϭ unit of accumulation (i.e., number of sites); and ␤ is the inverse of the curvature, which therefore quantifies ␤ diversity (J. Vandermeer, pers. comm.) . Both parameters G and ␤ were estimated with the nonlinear model function in Systat v. 5.2.1.
I then tested whether G diversity (i.e., the asymptotes) in forest and pasture differed statistically. I first calculated the difference in their asymptotes from the formula above, then generated a probability distribution for that difference (i.e., its probability of occurring by chance alone if pasture and forest soils were randomly distributed in the species-accumulation curve). To make the probability distribution, I calculated species-site curves for all possible combinations of the four sites with soil habitat assigned randomly to each site. Sixteen ''random'' estimates of G diversity were possible (2 4 ). From that pool of 16 estimates, I calculated the difference in asymptotes from all paired combinations of G diversity (N ϭ 120). From the distribution of those differences, I determined the significance, or probability, of the difference in asymptotes between original pasture and forest curves.
Finally, using the average spore counts at each site to measure abundance, I compared Simpson's diversity indices (1/D ϭ 1/⌺p i 2 ) between pasture and forest.
RESULTS
SPORE ABUNDANCE IN PASTURE VERSUS FOREST.-I found a total of 28 distinct spore types, although a few comprised two or three species that were difficult to distinguish. In both forest and pasture, the most common spores were Glomus ''small brown,'' a group of similar, brown-tan-yellow Glomus spores ( Table 2 ). The dominant fungus in this Glomus group was a brown species, 90-130 m, possibly G. macrocarpum Tulasne & Tulasne. Two other species in this Glomus complex were far less common: a smaller tan Glomus sp., possibly G. etunicatum Becker & Gerdemann, and a larger round yellow Glomus sp. In addition to the counts of whole spores reported in Appendix 1, the G. ''small brown'' complex had counts of dead, empty spore walls that were four times more numerous than whole spores. The spores labeled ''Glomus occultum'' occasionally included one or two other similar, tiny white species, such as Acaulospora trappei Ames & Linderman, but these were much rarer than true G. occultum. Counts of Entrophospora aff colombiana included a few rare spores of Acaulospora mellea Spain & Schenck. The spores labeled Gigaspora sp. included large older spores in the Gigasporaceae, possibly G. gigantea, but as field-collected material, they could not be identified accurately.
In contrast, some species were easily distinguished morphologically, but may be genetically identical. Morton et al. (1997) showed that Acaulospora gerdemannii ( ϭ A. appendicula Spain, Sieverd, & Schenck) and Glomus leptotichum were the same species. Although placed in different families, both morphotypes can sporulate from cultures started with only a single spore. I separated these two ''species'' here to study the different responses of the distinct morphotypes (both were more common in pasture). Similarly, the spores labeled Acaulospora ''foveata-lg.'' may be the same species as A. foveata, but here they were morphologically distinct. Spores of A. foveata were mostly 250-350 m, caramel to maroon, with circular pits on the spore wall, while A. ''foveata-lg.'' was 450-500 m, dark wine-colored to black, with fused pits forming interwoven channels over the spore wall.
Spores of most AMF were equally or more numerous in pasture than in forest (Table 2) . According to the nonparametric resampling test, across all sites, 11 of the 28 spore types were significantly Sometimes results across all sites differed from results within sites. For five species, spores were more numerous in either pasture or forest within a particular site, but trends were not consistent among sites (Appendix 1). For example, A. foveata was more common in pasture soil at Neguev, Costa Rica, but more common in forest soil at La Union, Nicaragua. Consequently, results were not significant across sites (Table 2) . On the other hand, G. leptotichum and G. rubiformis tended to be more abundant in pasture, but that trend was only significant across all sites (Appendix 1; Table 2 ).
Spore size and phylogenetic affinity may affect how a species sporulates in response to the conversion of forest to pasture. All 11 of the pasture species were from the generally small-spored families Glomaceae and Acaulosporaceae, while none belonged to the large-spored Gigasporaceae ( Table 2 ). The one species more abundant in forest was an abnormally large member of the Acaulosporaceae (475 m). Across all species, spore size tended to be lower in species that sporulated more in pasture than forest, but that trend was only marginally significant ( Fig. 2 ; P ϭ 0.06, R 2 ϭ 0.15) FIGURE 2.
Spore size versus abundance in forest and pasture. Y-axis values were determined from the difference in means (forest and pasture) of rank transformed spore counts from each site, averaged over the five sites. Only species found in Ͼ5 samples are presented. All solid symbols represent ''pasture'' species (i.e., those significantly more common in pasture; Table 2 ). Circles represent species in which spores were packed into sporocarps (ca 500 m each). The Xs are fungi more common in the wet season, while the vertically crossed X represents the largest species, Acaulospora ''foveata-lg.,'' which was more common in both the wet season and in forest soil (Table 2 ).
SPECIES DIVERSITY.-Depending on which measure of species diversity is emphasized, one could argue that AMF diversity was similar in pasture and forest, or that species richness was greater in forest.
On one hand, pasture and forest contained similar communities of AMF spores. First, from a total of 113 samples, all species present in Ͼ 6 samples were found in both habitats (Table 2) . Second, Simpson's diversity indices, calculated from the mean spore numbers at each site, did not differ significantly between habitats (x Ϯ SE ϭ 1.58 Ϯ 0.43 in forest and 1.87 Ϯ 0.26 in pasture; paired t-test P ϭ 0.2, N ϭ 5 sites). Third, the most frequently encountered species in forest were generally the most frequent in pasture (Fig. 3a) . The only species in which frequencies differed significantly between pasture and forest were G. leptotichum and Glomus clarum, both of which were more frequent in pasture (Fig. 3a) . Fourth, relative abundance, as percent of total spore volume, did not differ significantly between habitats for any fungus species (Fig. 3b) . Although relative abundance of many large-spored species (A. foveata, A. ''foveata-lg.,'' Gigaspora sp., and G. gigantea) tended to be lower in pasture, none of those trends was significant. Moreover, in both soil habitats, the Glomus ''small brown'' complex was clearly the dominant spore type, composing Ͼ 60 percent of the spore volume.
Likewise, local species richness was not reduced in pasture compared to forest. Within each site, ␣ diversity (richness per soil sample) was typically greater in pasture (Fig. 4) . This trend was not surprising, given that many species sporulated much more abundantly in pasture. Trends in ␤ diversity were not consistent among sites: ␤ diversity was significantly higher in forest at Neguev and La Union (Fig. 4a, e) , but higher in pasture in the single samples from Finca Meza (Fig. 4c) . Most importantly, species richness predicted from species-accumulation curves did not vary consistently among sites (Fig. 4) . In four of six graphs (Fig. 4a,  d-f ), species richness would be greater in forest with further sampling, but the two graphs with the most thorough sampling (Fig. 4b, c) clearly showed equivalent or higher species richness in pasture. Therefore, based on all of the measures above, local diversity of AMF did not appear to be reduced in pasture compared to forest. On the other hand, at the regional scale species-accumulation curves indicated that species richness may be greater in forest (Fig. 5) . The curves reach an asymptote at 40 species in forest and only 28 species in pasture, a significant difference (P Ͻ 0.008). In addition, ␤ diversity among sites was significantly greater in forest, whether quantified with Sørensen's similarity index (t-test P ϭ 0.007) or as the ␤ term in the species-accumulation equation (P Ͻ 0.008). Therefore, at the regional scale, G diversity of AMF spores appeared to be lower in pasture compared to forest. SEASONALITY OF SPORULATION.-From the three sites that were sampled in both wet and dry seasons, only three morphospecies showed consistent seasonal differences. The spores of A. foveata, A. ''foveata-lg.,'' and Gigaspora sp. were all significantly more common in the wet season ( Table 2 ). Note that these spore types were among the largest (Fig.  2) . In addition, Acaulospora tuberculata, E. aff colombiana, G. clarum, and G. occultum were each more common in the dry season at a single site, but trends were not consistent across all sites (Appendix 2).
DISCUSSION
Most of the tropical AMF studied here seemed surprisingly resilient to long-term changes in both host species and abiotic environment. Despite the dramatic changes in host plant species and in soil environment following conversion of forest to pasture, most AM spore populations were not affected negatively. Indeed, many species produced even FIGURE 3. Dominance-diversity curves for (a) the average frequency of each species and (b) relative abundance among species (determined by spore volume). (a) Species are listed in order of highest to lowest frequency from forest samples. Frequencies were calculated from the proportion of samples that contained each species within each site, which was averaged from all sites (N ϭ 5). Columns marked with an asterisk indicate that pasture and forest frequencies differed significantly (paired t-test P Ͻ 0.05). (b) Relative abundances were calculated from the average percent of total spore volume, also averaged from the five sites. In order to be plotted on a log scale, percent volume was transformed by adding one to each mean value. None of the differences in relative abundance between pasture and forest were significant for any species (paired t-test P Ͼ 0.05). Bars indicate ϮSE.
greater numbers of spores in pastures than in native forest. Although such high sporulation may have indicated that the fungi were stressed in pasture, it also demonstrated that their mycelial biomass was sufficiently abundant to produce a great number of spores. In addition to spore density, the community composition of pasture and forest fungi appeared quite similar, at least at the local scale. Therefore, neither AMF abundance nor diversity appeared limiting in old pastures, and thus mycorrhizal fungi per se should not limit pasture succession and reforestation.
GREATER NUMBERS OF SPORES IN PASTURE.-Total numbers of AMF spores were equal or greater in pasture than in forest soil, which corroborates other studies in the tropics. Total numbers of spores per 100 ml of soil ( ϭ ca 100 g dry wt.) were 110-770 in forest and 830-2600 in pasture. These counts of whole spores were consistent with previous estimates for humid tropical forest: 250/100 g dwt. in Cameroon (Musoko et al. 1994) ; 100-300 (live spores)/100 g dry wt. in Côte d'Ivoire (Wilson et al. 1992 ); 100-500/100 g fresh wt. in Singapore (Louis & Lim 1987) ; 200/100 g soil in cacao forests (Cuenca & Meneses 1996) ; and Janos' (1992) general estimate of 50 to 500 spores/100 g dry wt. Three other studies found spore counts that were an order of magnitude lower than in my study, but in each case, whole spores were more abundant in pasture compared to humid secondary forest in Costa Rica (Fischer et al. 1994) , dry forest in Mexico (Allen et al. 1998) , or dry jarrah forest in Australia (Jasper et al. 1991) . Similarly, undis- Within-site species-accumulation curves: average number of fungal species encountered in one to N samples (single samples or composites). Average was generated from randomly resampling one to N samples for cumulative number of species, reiterated 2000 times. Within-site ␣ diversity is the average species richness in a single sample (60-300 ml); ␤ diversity is species change between samples. Pasture and forest ␣ and ␤ diversity were compared within each site by t-tests: *P Ͻ 0.05; **P Ͻ 0.005; ***P Ͻ 0.0005.
FIGURE 5.
Regional species-accumulation curve: average number of fungal species encountered in one to five sites. Regional ␣ diversity is the average species richness in a single site (mean number of species (ϮSE): pasture ϭ 15.4 (Ϯ2.4), forest ϭ 12.8 (Ϯ1.5); paired t-test P ϭ 0.09). Regional ␤ diversity is the species turnover between sites. Both ␤ and G diversity (asymptote) were significantly greater in forest than pasture (P ϭ 0.008).
turbed, infertile savanna in Venezuela had only 150-250 spores/100 g soil, while areas revegetated with grasses had Ͼ1000-3000 spores/100 g soil (Cuenca & Lovera 1992 , Cuenca et al. 1998 . In contrast to the above studies, Johnson and Wedin (1997) found that Costa Rican dry forest had the same high spore abundance as invasive grassland (ca 10,000 spores/100 g dry soil).
Several hypotheses could explain why many AMF species produced more spores in pasture than in their native forest. First, death or senescence of host plants induced AM fungi to sporulate (e.g., Janos 1992). Because of grazing, fire, and drought, pasture hosts died and senesced more often than forest hosts, which could have increased spore abundance. Second, fine root density was five to nine times greater in pasture than in forest (Picone, pers. obs.) . Spore counts thus may have increased as a result of greater availability and turnover of fine roots. Third, soil pH was higher in pasture (4.8-5.6) than in forest (3.9-4.7). Because AMF species vary in their optimal pH range, increased pH may have improved the growth and sporulation of some species. Fourth, host-dependent sporulation can influence the relative abundance of AMF spores (Bever et al. 1996) . In particular, some of the ''pasture'' fungi here preferentially sporulated with the shade-intolerant host plants that dominated pasture (Picone 1999) , which could have accounted for their increased spore abundance.
Alternatively, removal of spores via decomposition or consumption may have reduced spore abundance more in forest than pasture. Because pasture soil is generally drier than forest soil (Picone, pers. obs.), high spore counts in pasture could have resulted from slower decomposition rates; however, this explanation is unlikely. Slow decomposition rates in pasture would increase the ratio of dead, empty spores to live, cytoplasmic spores. I compared this ratio from 800 A. foveata and 600 Glomus ''sm. brown'' spores in pasture and forest from four sites. The proportion with cytoplasmic contents was statistically indistinguishable between the two soil habitats ( 2 P Ͼ 0.05; A. foveata had 25 percent whole spores in forest and 20 percent in pasture; Glomus ''sm. brown'' had 18 percent in forest and 16 percent in pasture). In addition, soil sievings (Ͻ500 m) from pasture are more infective than forest sievings (Picone, pers. obs.), further supporting the view that high spore counts did not result simply from slow decomposition of dead spores. On the other hand, spore counts could have been influenced by consumption rates because soil arthropods are more abundant in tropical forest than pasture (Lavelle & Pashanasi 1989) . As a consequence, grazing pressure and consumption of AMF spores may be greater in forest.
Although this study did not compare abundance of AM inoculum between pasture and forest, the great abundance of cytoplasmic spores in pasture suggests that plants should encounter sufficient mycorrhizal inoculum there. Of course, spore abundance was not strongly correlated with soil infectivity, because hyphae and infected roots also serve as inocula , Alexander et al. 1992 , Janos 1992 . Even so, pasture soil should have extensive fungal mycelia in order to produce such a large number of spores. In support of this view, seedlings can be infected after only five to ten days in pasture soil (Picone 1999) . Therefore, restoration of old pastures is unlikely to be limited by insufficient AMF inoculum. These results, however, apply only to old pastures that are dominated by mycorrhizal grasses. In contrast, in highly degraded pastures that are dominated by non-mycorrhizal sedges, growth of transplanted tree seedlings can be greatly improved by artificially inoculating them with AMF (Janos 1988) .
SIMILAR COMMUNITY COMPOSITION IN PASTURE AND
FOREST.-In addition to the abundance of fungal spores, the species composition of AMF also affects plant growth (van der Heijden et al. 1998a, b) . One might predict AMF species richness to decline following conversion of forest to pasture because the fungi encounter a different soil environment, different host plant species, and a tremendous decline in host plant diversity. Most importantly, if only a few, ineffective species were to dominate old pastures, as in some agricultural systems (Sieverding 1989 , Johson 1993 , then plant succession and restoration would be inhibited.
Diversity of AM fungus spores, however, was surprisingly high in old pasture compared to forest. Out of 113 soil samples, all species present in Ͼ 6 six samples were found in both soil habitats (Table  2) . Dominance-diversity curves were fairly similar between both habitats, and relative abundances among species did not differ significantly between pasture and forest for any species (Fig. 3) . Simpson's diversity indices, which account for evenness in spore abundance, did not differ between habitats. Local ␣ diversity, or the number of species per soil sample, was consistently higher in pasture (Fig.  4) . Both ␤ diversity (turnover between samples) and species richness (asymptotes from species-accumulation curves) were higher in pasture at some sites and higher in forest at others, indicating that local species richness generally did not decline following conversion of forest to pasture. Most surprising, even in the large 40-year-old pasture at Loma de Mico, total species richness in pasture was similar to adjacent forest (Fig. 4b) .
In contrast to the assessments of species diversity at the local scale, species-site curves at the regional scale indicated that diversity of AMF spores was lower in pasture than forest (Fig. 5) . Two advantages to my study were the use of species-accumulation curves and data from multiple, geographically distinct sites. On average, studies that use only one site to compare AMF species richness in forest and pasture would find similar or slightly greater species richness in pasture (Fig. 5) . Only after two or three sites are sampled does the regional pattern become clear: total spore diversity is greater in forest. The regional curves reach their asymptotes at 40 species in forest and 28 species in pasture, a significant difference (P ϭ 0.008). Likewise, ␤ diversity, or species turnover among sites, is significantly greater in forest.
This regional trend, however, may be an artifact of sampling methods. Any study that assesses AMF spore diversity in the field must add the caveat that counts of field-collected spores only indirectly measure the true diversity and relative abundance of fungus species. Spores are only part of the fungal biomass, which also includes hyphae (extra-and intra-radical), arbuscles, and vesicles. Thus spore counts may overestimate the abundance of species that sporulate heavily in the field, while underestimating species that rarely sporulate. As a consequence, results from fieldcollected spores may differ from results obtained by other methods used to measure AMF abundance, such as trap cultures (Morton et al. 1995 , Brundrett et al. 1999 or molecular techniques (e.g., Helgason et al. 1998) . In a separate study of AMF diversity in these soils using trap cultures (Picone 1999) , no regional decline in AMF diversity was found in pasture, and no such decline appeared at the local scale. Therefore, the trend deserving most emphasis in this study is the high diversity of AMF in tropical pastures compared to forests.
Two other tropical studies reported similar resilience in AMF communities faced with habitat conversion. Johnson & Wedin (1997) found 24 AMF species in both Costa Rican dry forest and invasive grasslands. In Côte d'Ivoire (Wilson et al. 1992) , converting forest to Terminalia plantations increased AMF species richness from 16 to ca 30 species (but more samples were collected in the plantations). In contrast, Sieverding (1989) described several studies in which richness of AMF declined when native ecosystems were converted to agriculture, with 16 to 21 fungus species in soils with natural vegetation, 10 to 15 in lowinput agroecosystems, and only 6 to 9 in intensive agroecosystems. In dry seasonal habitats of Mexico, Allen et al. (1998) reported lower species richness in pasture (2 spp.) than forest (15 spp.; but fewer soil samples were examined from pasture than forest).
Because of the high AMF diversity in pastures studied here, it seems unlikely that mycorrhizal diversity would limit pasture restoration or reforestation. AMF diversity can influence both plant productivity and species composition (Sieverding 1989 , van der Heijden et al. 1998b . From this study of field-collected spores, there is no indication that AMF diversity declines in old pastures compared to native forest (Fig. 4) . In fact, young seedlings in pasture soil may be exposed to even more AMF species than seedlings in forest soil, because the number of AMF species in a typical soil sample (60-300 ml) was consistently higher in pasture (Fig. 4) . On the other hand, one could argue that a potential decline in species richness at the regional scale (Fig. 5 ) may influence restoration and reforestation in pastures; however, even if species richness were lower in pasture at a regional scale, the impact on plant community composition would be observable only at an equally broad, regional scale. Given the scale of most restoration efforts, and given the high species richness in pasture soil at each site, a lack of AMF diversity should not limit restoration of old pastures.
SOIL AND SEASONAL PATTERNS ASSOCIATED WITH SPORE SIZE.-The size of a species' spores may relate to its response as the habitat changes from forest to pasture or from wet to dry season (Fig. 2) . Species that were most favored by the conversion of forest to pasture generally had smaller spores, although this trend was only marginally significant (P ϭ 0.06; Fig. 2 ). In addition, all pasture species belonged to the Acaulosporaceae or Glomaceae, families with mostly small-spored species (Table 2) . The one species more abundant in forest was an atypically large (450-500 m) member of the Acaulosporaceae. Similarly, across all sites, only species with large spores (300-500 m) were more abundant in the wet season.
Both of these trends are consistent with other studies in which large-spored AMF were particularly susceptible to disturbance. Soil cultivation and disturbance have been shown to be most detrimental to the family of AMF with the largest spores, the Gigasporaceae (Rose & Paranka 1987 , Wacker et al. 1990 , Miller & Jastrow 1992 , Douds et al. 1993 Cuenca et al. 1998) . Converting jarrah forest to pasture favored the small-spored Acaulosporaceae while reducing the Gigasporaceae (Jasper et al. 1991) . This trend may be driven by phylogeny, for the Gigasporaceae lack vesicles (Schenck & Perez 1990) . Because vesicles store carbohydrates inside roots, root fragments infected by the Gigasporaceae probably lack the energy reserves to serve as propagules; thus this family is more susceptible to soil disturbance. In my study, however, the two largest morphotypes in the Acaulosporaceae showed similar trends as the Gigasporaceae. Therefore, in addition to phylogeny, spore size itself may relate to the response of a species to changes in habitat or season. Likewise, Gould and Hendrix (1998) found that large-spored species succeeded into reclaimed mining soil later than small-spored species. Perhaps small-spored fungi were favored by disturbance because they produced more spores than large-spored fungi (Brundrett et al. 1999 ).
In conclusion, most AMF appeared quite resilient to the conversion of tropical forest into pasture, and in this respect, they may be unique organisms. Such habitat conversion obviously reduces biodiversity of macroorganisms, particularly plants, vertebrates, and insects, and less obviously reduces diversity of soil fauna (Lavelle & Pashanasi 1989) . In contrast, AMF appeared abundant and diverse in pastures. Thus, while many factors can limit plant succession and reforestation in pastures, mycorrhizal fungi are not likely to be one of them. Number of spores (x Ϯ SE) /100-ml soil 
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